Abstract-Spin-torque oscillators (STOs) have tunable frequencies, low energy consumption, and high-quality factor compared to traditional oscillators. Here, we report the characteristics of nanocontact-STOs in the presence of interfacial Dzyaloshinskii-Moriya interaction (DMI) based on micromagnetic simulations. The DMI can decrease the STO frequency by about 2 GHz. More importantly, the DMI is able to break the isotropy of the spin-wave spectrum and turn the emitted microwave into directional spin-wave beams, potentially facilitating the synchronization of multiple STOs.
I. INTRODUCTION
Recently, the interfacial Dzyaloshinskii-Moriya interaction (DMI) in bilayers consisting of ferromagnet (FM) and heavy metal (HM) [Dzyaloshinsky 1958 , Moriya 1960 , Fert 1980 ] has attracted considerable attention because it accelerates the magnetic domain wall movement [Thiaville 2012 , Ryu 2014 and provides a way to stabilize magnetic skyrmions at room temperature [Fert 2013 , Zhou 2015 . Recent measurements have shown that a sizable interfacial DMI in a thin permalloy (Ni 80 Fe 20 )/Pt bilayer system is present [Nembach 2015 , Stashkevich 2015 , which makes this system an interesting candidate for research in spintronic devices due to the widespread use of the low-damping Ni 80 Fe 20 . Spin-torque oscillators (STOs) are spintronic devices [Flatte 2007 ] that generate radio frequency (RF) signals due to spin transfer torque (STT) [Berger 1996 , Slonczewski 1996 induced magnetization oscillations leading to a time-varying magnetoresistance. STOs exhibit a large frequency tunability with current and magnetic field [Bonetti 2009 ], are intrinsically capable of being modulated , and have a drastically reduced footprint (less than 1 µm size for a single STO) compared with current LC tank-based RF oscillators. STOs are also potentially interesting for the implementation as read heads in high-density magnetic storage [Katine 2008] .
In contrast to nanopillar-based STOs, which have a patterned magnetic fixed and free layer, in the so-called nanocontact STOs (NCSTOs), the magnetic layers are left extended, and the necessary high current densities are achieved by injecting the current through a point contact [Chen 2016 ]. In NC-STOs, a variety of spin wave modes can be excited in the extended magnetic film, such as localized spin wave bullets [Slavin 2005 ], propagating spin waves [Madami 2011 ], magnetic droplet solitons ], or dynamical skyrmions [Zhou 2015] . A transition from spin wave bullets to propagating spin waves is achieved by a strong out-of-plane component of the external magnetic field ], where it was recently shown that the remaining inplane component of the field together with the current-induced Oersted field lead to the so-called propagating spin wave beams [Hoefer 2008 . These beams can strongly promote the synchronization of several NC-STOs , Mancoff 2005 . Recently, it was predicted that although interfacial DMI has a detrimental effect on the current-induced switching characteristics in a nanopillar [Jang 2015 , Sampaio 2016 , it promotes the directionality of spin waves [Brächer 2017 ]. STT-generated propagating spin waves under the influence of DMI have been numerically studied in spin Hall nano-oscillators, where a nonreciprocity of the spin waves was induced [Giordano 2016 ]. However, on one hand, these spin waves in spin Hall nano-oscillators have yet been only numerically predicted with an about twice as large threshold current compared with what spin Hall nano-oscillators can handle. On the other hand, NC-STOs and spin Hall nano-oscillators are two different devices with, for example, different Oersted field profile, applied fields, and current; therefore, it is necessary to study the similar phenomena in NC-STOs. Experimentally, DMI in an NC-STO could be induced either purposefully or unintentionally by using, for example, platinum as the capping layer on the permalloy layer. Due to the technological relevance of propagating spin waves for information transport [Neusser 2009 ], it is important to explore how the generation and propagation of the spin wave could be tuned by DMI. Here, we have studied the effect of an interfacial DMI on the spin wave characteristics in NC-STOs with a large out-of-plane magnetic field component by detailed micromagnetic simulations. We found that the DMI influences the STO frequency, power, and can break the isotropy of the spin-wave distributions.
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II. MODEL AND DESCRIPTION
The energy of an interfacial DMI between two atomic spins S i and S j can be expressed as [Dzyaloshinsky 1958 , Moriya 1960 
where D i j is the DMI vector given by D ·ê z × r i j , in which D is the DMI parameter,ê z is the unit vector parallel to the asymmetry direction, and r i j is the position vector pointing from S i to S j . In continuous thin films with out-of-plane symmetry breaking, DMI can be treated as an energy density [Bogdanov 2001 ]
where m x , m y , and m z are the normalized components of the magnetization vector. The dynamics of the free layer are calculated by solving the LandauLifshitz-Gilbert equation including a Slonczewski spin torque term
where m is the unit magnetization vector of the free layer and M is the spin polarization direction of the incoming current from the fixed layer. H eff is the effective field including DMI, Heisenberg exchange, magnetocrystalline anisotropy, magnetostatic, thermal, externally applied, and current-induced Oersted fields. γ is the gyromagnetic ratio, and α is the Gilbert damping constant. The last term in (3) is the Slonczewski spin torque term where η is the polarization ratio, µ 0 is the magnetic vacuum permeability, M s is the saturation magnetization, t F is the thickness of the free layer, and J is the current density.
To study the impact of DMI on STO performance, the magnetization dynamics of the free layer are simulated with the GPU-accelerated finite-difference solver Mumax3 [Vansteenkiste 2014 ]. The micromagnetic model of a Pt/Ni 80 Fe 20 /Cu/Co/substrate multilayer stack is adapted from , as shown in Fig. 1 . However, we consider a thinner Ni 80 Fe 20 free layer due to the appearance of DMI only in those systems. θ is the out-of-plane angle between the positive x-axis and the direction of the magnetic field. The magnetization direction of the polarized current is derived by solving the [Stashkevich 2015] , and here, we simulate values between 0 and 1.6 mJ/m 2 . We simulate a disk 2048 nm in diameter, discretized by a twodimensional mesh of cells with the size 2 nm × 2 nm × 1.3 nm. The spin-polarized current with η = 0.3 is applied to the centrally located NC of 100 nm diameter, and the Oersted field around the NC is calculated via the Biot-Savart law and by approximating the current flow with an infinite cylinder. To avoid pseudo spin-wave reflections from the boundary of the computational disk, we initialize a series of increasing damping parameters from 0.01 to 1 within 12 nm at the calculative border as an absorbing boundary condition, which is similar to the abrupt absorbing boundary condition described in Consolo [2007] . A random thermal field of standard normal distribution in time space, representing a temperature of 300 K, is added to the simulations.
III. RESULTS AND DISCUSSIONS
We first analyze how DMI affects the frequency of the STO when current flows through it. Our simulation time is 10 ns, along with a time interval to save data every 0.01 ns so that we can evaluate the frequency of STO up to 50 GHz by fast Fourier transform (FFT). Due to the limitation of computer memory, we employ an FFT on m y of each cell in the central square area 350 × 350 cells rather than the whole computational area. We use a Hanning window function for the time trace in each cell. The overall power spectral density (PSD) of the NC-STO is determined by an average of the FFT amplitudes over the cells, and the peak frequency is determined from the position of the maximum of the PSD. The order of averaging the FFTs of the single cells is chosen to reduce the noise as well as to map the total power of the spin waves. Experimentally, e.g., by magnetoresistive measurements, one would be sensitive only to the spatial average of the magnetization near the NC, and thus, the relative phases of the single spins would have to be taken into account, leading to changes in the measured power.
As shown in Fig. 2(a) , when current is varied from 3 to 11 mA, the frequency of STO oscillation increases almost linearly as a function of current. Hereby, we fix the magnetic field of 1 T to be pointing along 70°with respect to the film plane. This positive current tunability is a clear sign of the NC-STO emitting propagating spin waves, as intended. However, with an increasing DMI parameter, the frequency of the STO descends by an amount of up to 2 GHz for D = 1.6 mJ/ m 2 .
This shows a way to change the intrinsic STO frequency by selecting bilayers with different DMI parameters. For the total power of the STO, plotted in Fig. 2(b) , we integrate the PSD between ±2 GHz of the peak frequency. The power of the STO significantly reduces in the presence of DMI, which relates to smaller magnetization precession angles. An electrically measured signal would be up to 25% lower in power than without DMI. In this aspect, DMI is detrimental for practical STO devices. Next, we calculate the influence of DMI on the STO frequency when altering the magnitude and angle of the external field. We hereby fix the current to I = 7 mA. Both in Fig. 3(a) and (b), the frequency also decreases when the DMI parameter becomes larger. The frequency shift can be as large as 2 GHz by means of considering DMI and remains relatively constant, independent of the magnetic field condition. Our reduction in frequency is in line with the numerical simulations of propagating spin waves in spin Hall nano-oscillators [Giordano 2016 ], yet we achieve a larger frequency difference, mostly due to the larger applied field. We also notice that the STO still has a stable and uniform oscillation when θ = 90°in Fig. 3(b) . Given the large magnetic field, the saturation magnetization , and the small perpendicular anisotropy of our free layer, the magnetization without the STT is perpendicular to the plane. However, the Co fixed layer is not saturated and leaves a finite angle between the fixed and free layer, thus resulting in an effective STT.
In addition, we find that DMI affects the propagation of spin waves generated by the NC. For this, we focus on the case of I = 7 mA and external fields of 0.6 T and 0.8 T, each at θ = 70
• . Fig. 4 shows the spatial distribution of the spin wave energy by plotting the local FFT amplitude of m y at the peak frequency for each of the 350 × 350 central simulation cells. In Fig. 4(a) and (d), the spin waves propagate almost homogeneously from the central circle to the border without DMI. Yet, there is already an intrinsic anisotropic propagation of the spin waves to the top for θ = 90
• , initiated by the Oersted field from the current in the NC and its competition with the external field ], and we will discuss this later. As the DMI parameter increases, the focusing of the spin waves in an upward direction increases [see Fig. 4(b) ].
For the largest DMI parameter, the spin waves turn into beams just propagating toward the positive y-axis [see Fig. 4 (c) and (f)] with only a very small amplitude in the bottom side of the NC. In order to quantitatively discuss the asymmetry of the spin waves caused by DMI, we define an asymmetry parameter η asy , which compares the FFT amplitudes of m y (A) in the top and bottom halfs, and is expressed as
Hereby, the angle brackets mean the spatial averaging. The indices x and y are ranging from −175 to 175 (x, y = 0), and we additionally exclude the points located in the area of NC in order to only compare the propagating part of the spin waves away from the NC. The perimeter of the 100-nm-diameter NC is shown in Fig. 4 as black circles. In this way, we derive η asy only by analyzing the computational cells inside the central square 350 × 350 mesh yet outside the central circle mesh belonging to the NC.
The defined asymmetry parameters η asy of Fig. 4 are shown in Table 1 . η asy is around 0.06 when D = 0 mJ/m 2 , and η asy increases to about five to six times as large values for 1.2 mJ/m 2 , which shows that it is reasonable to use η asy to describe the asymmetry of the spin waves along the y-axis. In the following, we will describe the relation of the asymmetry introduced by the Oersted field and DMI. We first get η asy = 0.031 without the Oersted field in the case of Fig. 4(a) , which is likely nonzero only due to the inclusion of thermal noise. Then, η asy increases to 0.067 when including the Oersted field, showing that the Oersted field changes the symmetry of spin wave, but still being too small to see the asymmetry in the color plots in Fig. 4(a) . Comparing with the Oersted field, the asymmetry introduced by the DMI is much larger in Fig. 4(c) and (f). It is notable that reversing the in-plane component of the magnetic field results in both asymmetries to reverse, and thus the spin wave propagates toward the bottom. This means that here a positive D always promotes the spin-wave beam direction, whose asymmetry has already been established due to the Oersted field.
In addition, to target the cause of the additional asymmetry introduced by the DMI, we estimate the wave vectors of the spin waves going to the top and bottom when x = 0 nm. In a simulation with the same parameters as in Fig. 4(c) , but with T = 0 K to avoid parasitic noise, we fit ten snapshots of the magnetization with a damped sinefunction. This gives an average of the wave vector and attenuation length along the y-axis. With this method, the average wave vector toward the top is 0.026 nm −1 , and that toward the bottom is 0.098 nm −1
and thus considerably larger, in agreement with Giordano [2016] . A large wave vector in thin metallic FMs results in an increased effective damping [Li 2016] , which in-turn hampers the spin wave propagation to the bottom, leading to a shorter attenuation length. The numerically estimated attenuation length toward the top is about twice as large as that toward the bottom.
IV. CONCLUSION
To summarize, we report that DMI can alter the frequency of a single STO overall when other conditions are the same. Although DMI is disruptive to the power of STO, we found that DMI can reduce the frequency by as much as 2 GHz. Moreover, spin waves play a key role in the synchronization of multi-STOs. Our results show that strong DMI can trigger directional spin-wave beams, which is expected to benefit the synchronization of the multiple STOs.
